Arginine and creatine kinase activities in different muscles are compared with calculated maximum rates of ATP turnover. The magnitude of the kinase activities decreases in the following order: anaerobic muscles and vertebrate skeletal muscles > heart muscle > insect flight muscle. The maximum activity of phosphagen kinases (i.e. creatine kinase and arginine kinase), in the direction of phosphagen formation, is lower than the calculated maximum rate of ATP turnover in insect flight muscle or rat heart.
Arginine and creatine kinase activities in different muscles are compared with calculated maximum rates of ATP turnover. The magnitude of the kinase activities decreases in the following order: anaerobic muscles and vertebrate skeletal muscles > heart muscle > insect flight muscle. The maximum activity of phosphagen kinases (i.e. creatine kinase and arginine kinase), in the direction of phosphagen formation, is lower than the calculated maximum rate of ATP turnover in insect flight muscle or rat heart.
It is well established that an increase in the work load on a muscle causes a decrease in the concentration of phosphocreatine, whereas that of ATP remains constant. That the constancy of the ATP concentration is due to regeneration of ATP from phosphocreatine breakdown was shown by Cain & Davies (1963) . They demonstrated that, provided glycolysis and creatine kinase (EC 2.7.3.2) were inhibited (by iodoacetate and 1-fluoro-2,4-dinitrobenzene respectively), electrical stimulation of frog muscle caused a decrease in the concentration of ATP, whereas that of phosphocreatine remained constant. This experiment demonstrated that ATP was used directly in the contractile process and, in addition, it provided support for the suggested role of phosphocreatine as a reserve of 'energy-rich' phosphate that could be used to maintain the ATP concentration. However, another hypothesis for the role of creatine kinase has been proposed (see Saks et al., 1976 ). This hypothesis is based partly on the distribution of creatine kinase in heart muscle. This enzyme is found associated with myofibrils, in the intermembrane space of mitochondria and in the cytosolic fraction. The hypothesis proposes that phosphocreatine plus creatine kinase provide a mechanism for transport of 'energy-rich' phosphate from the mitochondria to the myofibrils. Thus ATP that is transported out of the mitochondria via the translocase is used to phosphorylate creatine in the intermembrane space of the mitochondria and the resultant phosphocreatine diffuses to the myofibrils where it regenerates ATP from ADP. The diffusion of creatine from the myofibrils to the mitochondria completes the metabolic loop.
The question arises whether the activity of creatine kinase is sufficient to account for maximum rate of energy-rich-phosphate transfer in heart and indeed in other muscles, since the hypothesis requires that the maximum activity of the phosphagen kinase Vol. 172 should be at least twice the maximum rate of ATP utilization by the myofibrillar adenosine triphosphatase. Indeed, since there is evidence that both creatine kinase and arginine kinase (EC 2.7.3.3) catalyse near-equilibrium reactions in a variety of muscles from different animals throughout the Animal Kingdom (Beis & Newsholme, 1975) , it is reasonable that the maximum activity of the phosphagen kinase in any given muscle should be considerably higher than the maximum rate of ATP turnover (for theory see Newsholme & Crabtree, 1976; Crabtree, 1978) . The maximum rate of ATP turnover in aerobic muscle can be calculated either from 02-uptake data (assuming classical P/O ratios) or from the maximum flux through the tricarboxylic acid cycle (calculated from the maximum activity of oxoglutarate dehydrogenase; see Read et al., 1977) , or it can be obtained directly from activities of myofibrillar adenosine triphosphatase (see Zammit & Newsholme, 1976 ). This present paper presents the maximum activities of arginine kinase or creatine kinase in various muscles from different animals and these values are compared with the calculated maximum rates of ATP turnover.
Experimental Animals
Animals were obtained from the sources given by Newsholme & Taylor (1969) or Sugden & Newsholme (1975) with the exception of scallops, sea-mouse, dogfish, mackerel, bass and flounder, which were obtained from the Marine Biology Association, Citadel Hill, Plymouth, U.K., and pig roundworms, which were obtained from a local slaughterhouse. The ion-exchange resins AG 50W-X8 and AG1-X8 (200-400 mesh) were from Bio-Rad Laboratories, St. Albans, Herts., U.K.
Preparation of homogenates for enzyme assay
Animals were killed and muscle was removed as quickly as possible. For kinase activities, muscle was homogenized in a ground-glass homogenizer with 10-20vol. of extraction medium [50mM-Pipes (1,4-piperazinediethanesulphonic acid), 4mM-dithiothreitol, 1 mM-EDTA at pH 7.0]. Myofibrils for the assay of myofibrillar adenosine triphosphatase were prepared by the method ofKendrick-Jones etal. (1970) .
Enzyme assays
The kinase activities were measured radiochemically. Details ofthe assays, including checks and controls carried out during the development of the assays, are described by Leech & Newsholme (1978) and Leech et al. (1978) . Creatine kinase was assayed in both directions, but most results were obtained in the direction of creatine formation. For activities measured in both directions under the same conditions in extracts of pheasant and pigeon pectoral muscle and mouse gastrocnemius muscle, the mean ratio of activities of creatine formation/phosphocreatine formation was 4.0. The ratio for the enzyme purified from brain at pH7.4 is 4.2 (Jacobs & Kuby, 1970) . Myofibrillar adenosine triphosphatase activity was measured as described by Zammit & Newsholme (1976) . The calculation ofATP turnover (in pmol/min per g of muscle) from myofibrillar adenosine triphosphatase activity (pmol/min per mg of myofibrillar protein) has been described by Zammit (1975) . Protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Results and Discussion
All activities are presented in pmol/min per g of fresh muscle at 25°C, except for dogfish, bass, flounder and mackerel, where assays were performed at 10°C.
The highest activities of arginine kinase or creatine kinase are present in muscles that depend on glycolysis rather than the tricarboxylic acid cycle for energy production [see Table 1 for kinase activities, Crabtree & Newsholme (1972) for key glycolytic enzyme activities and Alp et al. (1976) and Read et al. (1977) for activities of key enzymes of the tricarboxylic acid cycle]. These muscles include the phasic adductor of the scallop and the abdominal flexor muscles of the lobster (which contain very high concentrations of phosphoarginine; see Table 1 ) and skeletal muscles of the vertebrates. Although the activities of creatine kinase are, in general, slightly lower in the more aerobic skeletal muscles compared with the anaerobic muscles in the same animal (e.g. fish red and white muscles, semitendinosis and adductor longus of rabbit), heart muscle of vertebrates contains considerably lower activities than skeletal muscle (Table 1 ).
In the muscles of the marine invertebrates investigated (i.e. lobster and scallop) and in the vertebrate skeletal muscles, the activities of the phosphagen kinase are considerably greater (in most cases more than 10-fold) than the maximum rates of ATP turnover. This suggests that in these muscles the phosphagen is able to regenerate ATP from ADP very rapidly. Since the content of phosphagen in these muscles is high (usually >20,pmol/g; see Table 1 ), these findings support the view that phosphagen functions as an important reserve of 'energy-rich' phosphate. Indeed, in some invertebrate anaerobic muscles (Zammit & Newsholme, 1976) and in the white muscle of some fish (V. A. Zammit & E. A. Newsholme, unpublished work) the maximum capacity of the glycolytic process is not sufficient to provide a rate of ATP generation demanded by the maximum activity of the myofibrillar adenosine triphosphatase. In these muscles, phosphagen may function as an important endogenous energy reserve in a similar manner to that of glycogen.
The activities of arginine kinase in the flight muscles of four insects studied are much lower than the maximum calculated rates of ATP turnover (Table 1) . Furthermore, when the creatine kinase activity in the direction of phosphocreatine formation is considered, the maximum activity in rat heart is lower than the calculated maximum rate of ATP turnover, and in hearts from other animals the activities are similar to, or only slightly greater than, the maximum rate of ATP turnover. Since phosphagen kinase appears to catalyse a near-equilibrium reaction in muscle (Beis & Newsholme, 1975) , the net flux of 'energy-rich' phosphate through the reaction, either at the myofibrillar or mitochondrial sites in the muscle, must be considerably less than the maximum activity in vitro of the enzyme (for theory, see Newsholme & Crabtree, 1973 , 1976 Crabtree & Newsholme, 1975; Crabtree, 1978) .
These results and discussion suggest that, in insect flight muscles, rat heart and possibly hearts from other animals, phosphagen kinase cannot play a role in the transfer of 'energy-rich' phosphate 1978 from mitochondria to myofibrils, at least under conditions of maximum rates of ATP turnover.
The role of phosphagen and phosphagen kinases in these aerobic muscles may be identical with the role in the more anaerobic muscles as an energy reserve that decreases the extent of transient changes in the ATP concentration when the rate of ATP turnover is modified. However, the distribution of creatine kinase in heart muscle (i.e. in the intermembrane space and associated with the myofibrils) supports the role proposed by Watts (1971) that the phosphagen (and the kinase) prevents large transient changes in the ADP concentration. This action may be important at the myofibrils since a large increase in the concentration of ADP could inhibit myofibrillar adenosine triphosphatase (Maruyama & Pringle, 1967) . In addition, the phosphagen kinase present in the intermembrane space could prevent a large increase in the concentration of ATP that could cause inhibition of the adenine nucleotide translocase (see Klingenberg, 1970; Newsholme, 1976) . Thus the role of the phosphagen kinase may be to provide stable concentrations of ATP and ADP particularly at certain sites within the muscle cell. This would minimize inhibition of key enzymes or enzyme systems that could result from large changes in the concentration ratio [ATP]/[ADP]. In this way, what has been described as 'kinetic efficiency' of metabolism should be maintained even during high rates of ATP turnover (Newsholme, 1976 (Newsholme, , 1977 .
